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ABSTRACT
Adsorbed polymer additives have been employed to reduce water content and improve cement 
workability through lowering viscosity, but the influence of over-dosage and the presence of 
non-adsorbed chains have yet to be fully understood. Model magnesium oxide (MgO) 
suspensions were used to investigate the potential processing effect of “free” chain concentration 
on cementitious mixtures. The rheological impact of the free chains was measured through 
incorporation of non-adsorbing poly(ethylene glycol) (PEG) to suspensions stabilized with an 
adsorbed comb-polymer superplasticizer. Analyses of the rheological data, that showed 
viscosity-increases and viscosity-reduction due to free PEG concentrations revealed a transition 
from depletion flocculation to depletion stabilization that contributed to the flow properties of 
the suspensions. The viscosity-reduction observed for high concentrations of free chains may be 
useful for improved mixing of cements with free polymer in addition to the adsorbed 
polycarboxylate ether-based superplasticizer (PCE). Additionally, the influence of free PEG on 






   
    
 
   




   




    
     
    
   
    
  
     
   
     
      
       
       
     
   
   
 
 
   
   










































Magnesium oxide suspensions have been used as a model system for cementitious pastes due to 
their similar flow properties and polymer adsorption characteristics 1–5. Cement processing can 
be examined through the study of magnesium oxide suspensions’ response to mixing and 
pouring without consideration of the later impact of hydration reactions2,4,6. Therefore, the flow 
behavior of the suspensions can be investigated through rheometry and polymer superplasticizers
as an analog for cement processing. 
Adsorbed polymer additives are commonly used in cements and other concentrated suspensions
to adjust the flow properties and induce dispersion.  A particular class of polymer additives
called superplasticizers employs comb-polymers to electrostatically adsorb to cement particles
through an anionic main-chain with neutral side-chains emerging into the solution. As long as 
the main-chain of the superplasticizer is adsorbed, the side-chains are capable of sterically 
stabilizing the particle and thus offer a simple method for particle dispersion 2,8–11. Often 
viscosity reduction results from the use of superplasticizers which promotes ease of workability 
for handling and placing concrete 3. However, literature has reported that the presence of non-
adsorbed superplasticizers may interfere with the fluidity of the cement and thus disrupt the
workability 12. Non-adsorbed polymer chains in cements pose both an academic and industrial
challenge due to the complexity of the particle-polymer interactions and their role in processing.  
Viscosity increases are often attributed to over-dosage of superplasticizers in cementitious pastes
13,14, but few studies have investigated the role of free polymer among adsorbed polymer-particle
suspensions. Furthermore, experimentation on aggregation is common for nano-scale colloids 15– 
18 but lacking in the micro-level for industrial pastes such as cements and slurries. Depletion of 
free chains in cement is often acknowledged but not fully considered 9, furthering the outlook 
that non-adsorbed polymer should be avoided or disregarded 13. Herein free, non-adsorbed 
polymer is included with the adsorbed PCE to elucidate the mechanisms for viscosity alterations
in model magnesium oxide (MgO) suspensions. In this paper, comparisons are made between 
suspensions containing free chains with and without adsorbed PEG based on the flow behaviors
demonstrated by viscosity curves (shear ramp), start-up tests, and creep measurements. Three
rheological regimes were found as the free chain concentration increased: depletion aggregation, 
depletion transition, and depletion stabilization.  Based on ultrasonic velocimetry under shear, 
the free polymer was further shown to significantly affect the local flow behavior by promoting 
plug flow and strong wall slip.  In this way free polymer is shown to work as a dispersion 
stabilizer at high concentrations through lubrication and osmotic pressure, which brings a new






MgO particles were obtained from Martin Marietta Magnesia Specialties (MagChem P98 
pulverized).  Previous characterization of the MgO particles revealed the average particle size to 
be ~4 µm with a range of sizes between 0.5 and 40 µm 19.  ADVA 190 (Grace Construction), a 
commercial water-reducing PCE used in Portland cements, was applied as an additive for MgO 
suspensions.  Previous work delineated the chemical structure of comb-polymer, which consists 
of ~5,000 g/mol poly(acrylic acid) (PAA) and ~15 1,000 g/mol grafted poly(ethylene oxide) 
(PEO) side-chains (PAA-PEO) 19,20.  PAA-PEO was dialyzed prior to use in order to remove any 
low molecular weight species 19.  The free, non-adsorbing polymer PEG of molecular weight 
1,000 g/mol was obtained from Sigma Aldrich and used without further purification.  
Suspension Fabrication 
MgO suspensions were assembled by first dissolving the commercial PAA-PEO comb-polymer 
and PEG in water by stirring for 30 minutes.  Different weight percentages of the PEG were 
tested by weight of the comb-polymer.  To match industrial concentrations of additives in 
cements, the PAA-PEO concentration was 18 mg/mL.  Further, several (0, 10, 20, 30, 40, and 50 
w/w) weight % free PEG chains by weight of the PAA-PEO comb-polymer were considered, to 
examine the shear response with a small amount of non-adsorbed polymer.  MgO powder was 
added gradually while stirring the suspension.  Suspensions were sonicated for 5 minutes after 
fabrication, stirred overnight, and then sonicated again before testing. The water to MgO weight 
ratio was kept at 0.33 to simulate the concentrated particle loadings of high-strength cements 21. 
Given the density of MgO is 3.58 g/cm3 and ignoring the effect of polymer on the effective 
volume fraction, this corresponds to a solid volume fraction of 0.42. 
The amount of free PEG among the particles can be understood in terms of the concentration of 
PEG in the water (Table 1). For example, the 30% free PEG suspension had an effective polymer 
concentration of 5.4 mg/mL surrounding the particles compared to the 18 mg/mL concentration 
of adsorbed PAA-PEO comb-polymer.  In a previous study it was found through UV-Vis 





























 Table 1: Concentrations of free PEG chains as a percentage of the weight % of the adsorbed 
PAA-PEO.  
Amount of free PEG by weight 10 20 30 40 50 
of the adsorbed PAA-PEO (%) 






Rheometry Tests 103 
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Rheometry was applied to examine the behavior of the suspension under flow as an analog for 
the processing conditions of MgO suspensions with an Anton Paar MCR 302 rheometer.  
Previously wall slip was discovered to greatly modify the viscosity readings when suspensions 
were tested in a rheometer coupled with in situ ultrasonic velocimetry 22.  To obtain accurate 
rheometry measurements by minimizing wall slip, a vane fixture was used along with a 
roughened cup.  Pre-shear was applied for 30 s at 500 s-1 followed by a 10 s pause before starting 
the rheometry tests to allow residual stresses to relax from the pre-shear and then start the 
measurement with the suspensions having the same strain history.  Viscosity curves were used to 
examine the viscosity and shear stress of the suspensions over ramped shear rate from 0.01 to 
100 s-1 for 300 seconds.  Shear start-up tests at the constant shear rate of 0.1 s-1 revealed the 
time-dependent viscosity for 200 s to provide insights to how the suspension responded to 
mixing. Creep tests with an applied shear stress of 15 Pa measured shear rate for 500 s as an 
assessment of the suspensions’ resistance to flow as a simulation of pipe flow.   
In addition to shear rheometry, ultrasonic speckle velocimetry (USV) measurements were carried 
out with a custom-made USV system coupled to a TA Instruments ARG2 rheometer. Due to 
insufficient ultrasonic scattering for the 0.33 weight percent sample(s), the suspension weight 
ratio of water to MgO was adjusted from 0.33 to 0.42 (solid volume fraction of 0.40). The weight 
ratio change was completed to give optimal ultrasonic speckle signal from the MgO particles, in 
particular to avoid too strong multiple scattering of the ultrasound. All added polymer 
concentrations were adjusted according to the weight percentage of particles to match prior 
experiments. Shear start-up tests at 10 s-1 were performed in a Taylor-Couette (i.e. concentric 
cylinder) geometry to observe the macroscopic flow behavior, and to quantify the velocity 
profile across the thickness of the sample within the gap size (2 mm) of the Couette cell. More 
details on the experimental technique and on USV measurements can be found in 23. 
 
Additional Suspension Characterization  
The volume of sediment to the volume of separated water (supernatant) was measured 
throughout the sedimentation of the suspensions over 7 days. Graduated cylinders were used to 
measure the volume of water to sediment with periodic recordings.  A Nanosizer nano-z 
(Malvern Instruments) was used to measure the zeta potential of 0.01 wt % MgO solutions with 
and without 0.01 wt % polymer solutions.  Samples were stirred for 24 hours, sonicated for 5 
minutes and stirred for 2 minutes and allowed to equilibrate at 25° C for one minute before 3 
cycles of 50 runs were measured and averaged 19. Dynamic light scattering (DLS) was performed 
with a Nanosizer nano-z (Malvern Instruments) to determine the hydrodynamic radii of PAA-
PEO and PEG at 5 mg/mL. Samples were stirred for 30 minutes and equilibrated at 25° C for one 
minute before three measurements of 10 runs each were conducted and averaged.   






































 Zeta Potential Measurements  
Measuring the zeta potential of MgO in relationship to PEG and PAA-PEO serves as a general 
indicator of adsorption via electrostatic attraction, measured at the slip plane. During these 
experiments the pH was monitored to demonstrate that the MgO mixture was below the 
isoelectric point, for MgO that is about 12.45 4. The pH with MgO and deionized water with and 
without the addition of polymers was consistently in the range of 9.8 – 10.95. Therefore, the 
MgO always maintained a positive zeta potential 4,24 as referenced in Table 2 below. The values 
in Table 2 are averaged from 3 samples tested, and each zeta potential test cycled 3 times with 50 












Table 2: Zeta potential results 
Material MgO PAA-PEO PEG PAA-PEO + PEG 
Zeta Potential (mV) 22 -13.7 15.9 -11.47 




As PAA-PEO was added to the MgO suspension, both the magnitude and sign changed in the 
zeta potential, indicating a charge screen at the slipping plane due to electrostatic adsorption 
mechanisms 4,19. The surface charge, referenced in Table 2, of MgO was 22 mV with a standard 
deviation of 0.75 mV; once the PAA-PEO was added, the potential changed to –13.7 mV with a 
standard deviation of 0.36 mV. However, when only adding PEG with MgO, no significant 
reduction in the zeta potential was observed. Results from the literature show that oxides, such as 
MgO, do not possess the necessary Bronsted acid sites for adsorption to occur with the ether 
oxygen for induced hydrogen bonding, which have been found to be the dominating mechanism 
that causes adsorption of PEG and PEO onto oxide surfaces 24. Therefore, even though the zeta 
potential magnitude differs with PEG, shown in Table 2, the onsets of electrostatic adsorption 
between the MgO surface and PEG are negligible unless Bronsted acidic sites are present on the 
oxide surface to induce hydrogen bonding 24–26. These results imply that PEG does not have any 
significant adsorption and can be studied as a “free” polymer within the MgO-PAA-PEO 
suspensions. Further, addition of the PAA-PEO and PEG solutions into the MgO mixture, 
showed a magnitude and sign change in the zeta potential that was similar to that of the MgO – 
PAA-PEO measurement, referenced in Table 2. Thus showing further evidence, that adsorption 
of PEG is negligible on the MgO surface. 
Additionally, the total organic carbon (TOC) results from a previous study of stabilized 
cementitious suspensions are consistent with the zeta potential measurements.  PAA-PEO had 
91.9% adsorption to MgO particles when added at a concentration of 2.7 mg/mL with higher 
concentrations having more adsorption than lower concentrations 27.  


























Dynamic light scattering revealed a hydrodynamic radius of 2.09 nm for free PEG, which is on 
the order of the swell radius of a single polymer molecule in good solution 28. A hydrodynamic 
radius of 2.57 nm was measured for the PAA-PEO comb-polymers.  Aggregation of the PEG 
chains in solution is deemed unlikely for the suspensions due to the size scale similarity of DLS 
results with scaling law predictions for a single polymer chain in solution. It should be noted that 
the 1,000 g/mol PEG is not capable of chain entanglement due to the low molecular weight 28.  
Aqueous PEG solutions were found to be Newtonian for the 10-50 weight % free PEG 
concentrations used for the suspensions, which is expected due to the low PEG molecular weight 
29,30. Therefore it is believed that the free PEG chains did not entangle or overlap due to the 
concentrations remaining less than the overlap concentration (~9.2 vol% calculated with 
equation from 16 based on 1,000 g/mol with a density of  1.1 g/cm2 and the measured 
hydrodynamic radius). 
Suspensions with adsorbed PAA-PEO and free PEG chains  
Viscosity curves served as an analog for mixing with viscosity increases and decreases over 
different shear rates indicating either aggregation or dispersion in the concentrated colloidal 
suspensions 31.  Shown in Figure 1a, viscosity curves for suspensions with both adsorbed PAA-
PEO and free PEG had varied viscosities over ramped shear rate.  Additions of 10 to 30 weight 
% free PEG (by weight of PAA-PEO) to the suspensions led to viscosities ~5-10 Pa-s above the 
control suspension, whereas even higher free PEG concentrations of 40 and 50% resulted in ~10 
Pa-s lower viscosities for shear rates between 0.1 and 1 s-1 (Figure 1a).  Shear start-up tests 
(Figure 1b) with a constant applied shear rate of 0.1 s-1 demonstrated corresponding trends with 
10, 20, and 30% free PEG suspensions having larger overshoot height (difference between local 
maximum and local minimum) and 40 and 50% free PEG maintaining the lowest viscosities of 
the six suspensions. The presence of an overshoot in start-up tests may denote particle network 
formation 19, and a larger overshoot height signifies a greater degree of flocculation 32. Of the six 
samples, the 30 weight % free PEG has the greatest viscosity from the viscosity curve as well as 
the largest peak height from the start-up test.  Increases in viscosity and shear stress over time 
seen in the start-up tests (Figure 1b) are likely due to aging long before the onset of 



































Figure 1: Viscosity curves with PAA-PEO with shear stress insert (a) and shear start-up tests at 206 
0.1 s-1 (b) for 0 (black), 10 (blue), 20 (red), 30 (purple), 40 (orange), and 50 (green) % free PEG 207 
with shear stress insert.  The overshoot height for the 30% free PEG suspension is displayed with 208 
the black arrow.  209 
Depletion flocculation is hypothesized to be the mechanism for the increased viscosity of the 10, 210 
20, and 30% free PEG suspensions with adsorbed PAA-PEO.  Aggregation of the particles (and 211 
the resulting viscosity increase) may have occurred due to osmotic pressure differences from free 212 
chains concentration gradients promoting stronger osmotic-driven attraction between 213 
neighboring particles 31.  Furthermore, the presence of the steric PEO side-chains from the 214 
particle surfaces may have been sufficient to prevent depletion flocculation 33,34.  Computational 215 
studies have found that depletion forces can override steric stabilization when the free chains 216 
have the same chemistry as the steric chains with the same or shorter molecular weights 35.  217 
These theories have also been attributed to micron-scale systems.  Depletion has been reported to 218 
flocculate vesicles 36 and lipid bilayers 36 and as well as ~1 µm particles having more depletion 219 
aggregation than nano-sized particles 15, making it a viable situation for cementitious 220 
concentrated suspensions.  The hypothesized depletion aggregation of the 10-20% free PEG is 221 
shown in Figure 2a, followed by the transition point concentration of 30% in Figure 2b.  Figure 222 
2c displays a representation of depletion stabilization for the 40 and 50% free PEG suspensions.  223 
The stark change to viscosity-reduction at 40 weight % free PEG suggests that depletion 224 
attraction diminished with higher concentrations of free polymer.  With a greater density of PEG 225 
surrounding the particles, it was likely that osmotic attraction transitioned to repulsion on 226 
account of the PEG chains serving as an effective steric barrier between particles (Figure 2c). 227 
This depletion stabilization has been theorized by Napper (Napper, 1983) and observed to keep 228 
colloids and latexes stable only once free polymer concentrations have surpassed a critical level 229 
15,34,37.  Depletion stabilization has been reported to decrease viscosity in nanoscale colloids 38 230 
and the same phenomena correlates to the reduced viscosities of the 40 – 50% free PEG 231 
suspensions shown in Figure 1a. Further, with additions of high concentrations of free polymer it 232 
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was probable that free PEG chains keep uniform distances from each other and that even greater 233 
concentrations of free PEG would result in free PEG and particle phase separation 15.   234 
   235 
Figure 2: Schematic representation (MgO not drawn to scale) of the hypothesized particle 236 
behaviors due to (a) depletion attraction between particles, (b) increased depletion flocculation, 237 
and (c) depletion stabilization.   238 
Flow resistance under applied shear stress (i.e., creep tests) was evaluated as an indication of 239 
ease of pipe flow.  Measured shear rates from the applied shear stress tests (Figures 3a and 3b) 240 
showed 30% free PEG with the lowest measured shear rates on the order of 10-20 s-1 and 50% 241 
free PEG (not shown) as having no flow under 15 Pa applied shear stress. The hierarchy of creep 242 
flow results support the three different flow regimes based on the concentration of free PEG: a 243 
region of viscosity increase with moderate ease of flow (10 and 20% free PEG), a surge in the 244 
viscosity with increased flow resistance (transition point) (30%), and a viscosity-reducing section 245 
with varied ease of flow (40 % free PEG).   246 
Although the 50% free PEG suspension displayed the lowest viscosity (Figures 1a and 1b), it did 247 
not flow in the creep test and is not shown in Figure 4 due to the small measured shear rates (<< 248 
1 s-1). This finding imparts an important trade-off between the addition of high concentrations of 249 
free chains for lower viscosity (from depletion stabilization) and the increase to the resistance of 250 
applied stresses, acting as an effective increase in yield stress 31.  The contrasting flow behavior 251 
between the low-viscosity curve and low shear rate observed in the creep test may be due to 252 
different rearrangements of the free chains and particles upon applying the shear stress rather 253 
than the shear rate 31.  During the creep test the internal microstructure of the suspension may 254 
deform with particle rearrangements that are different from the break-up of aggregates under 255 
applied shear rate 39.  For construction applications, it should be considered if either ease of 256 
mixing or pumping is more desirable before selecting a depletion-stabilizing PEG concentration 257 
as an additional additive for cementitious pastes.  258 
 259 
(a) (b) (c) 
Free PEO  
Adsorbed PAA-PEO  
MgO  
10 – 20% PEG 30% PEG 40 – 50% PEG 




Figure 3: Creep tests at 15 Pa applied shear stress with PAA-PEO for 0 (black), 10 (blue), 20 261 
(red), 30 (purple), and 40 (orange) % free PEG shown in semi-log (a) and log-log scale (b); it 262 
should be noted that the 50% free PEG suspension did not flow at 15 Pa.  263 
Suspensions containing free PEG without adsorbed PAA-PEO 264 
For comparison, suspensions without adsorbed PAA-PEO were tested to examine the rheological 265 
impact of the free PEG alone on suspension fluidity.  The viscosity curves of the MgO and free 266 
PEG had an order of magnitude lower viscosities over all shear rates than those with PAA-PEO, 267 
which is believed to be caused by sedimentation of the particles before and during shear.  Start-268 
up tests also demonstrated signs of sedimentation with decreased viscosities while creep 269 
measurements had greater shear rates at lower applied shear stress.  Such rapid sedimentation 270 
during testing created a water supernatant phase above the sediment that was seen after testing 271 
and is most likely be the cause of the low viscosities and high shear rates observed for samples 272 
without PAA-PEO.  From these findings it may be deducted that adsorbed comb-polymer is 273 
required to obtain the depletion and steric stabilization of free chains and to prevent rapid 274 
particle sedimentation under shear.   275 
Sedimentation Studies  276 
Sedimentation studies gave insights to the particle-polymer interactions through comparing the 277 
rate of particle settling and the final supernatant volume between suspensions with and without 278 
adsorbed PAA-PEO. Shown in Figure 4, the volume of supernatant separated from the sediment 279 
to total volume are given for suspensions with 10 – 50% free PEG with and without PAA-PEO, 280 
with increased supernatant volume indicating greater separation of the particles from the water 281 
phase.   282 
Sedimentation of the suspensions with adsorbed PAA-PEO do not display much variance in the 283 
supernatant volume to the total volume at long time (0.06 – 0.08) (Figure 4a) whereas 284 
suspensions without PAA-PEO have a wide range of supernatant volume to total volume (0.05 – 285 
0.15) (Figure 4b).  Additionally, suspensions without PAA-PEO had more rapid sedimentation 286 
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than those with PAA-PEO.  Figure 4a has an increased time range for sedimentation onset (76 - 287 
1383 min) while the suspensions without PAA-PEO begin sedimentation as early as 5 min and at 288 
most 158 min (Figure 4b). The faster sedimentation and wider range of supernatant volumes for 289 
the bare suspensions with free PEG is believed to be due to the lack of both depletion and steric 290 
particle stabilization.  For suspensions with PAA-PEO, steric stabilization provided by the 291 
adsorbed PAA-PEO reduced the likelihood of particle aggregation and kept particles apart 292 
although the effect of gravity eventually overcame the steric repulsion, leading to sedimentation 293 
at long times (Napper, 1983).  The concentration of free PEG had little effect on the 294 
sedimentation behavior in the presence of the adsorbed PAA-PEO.  On the contrary, suspensions 295 
without PAA-PEO displayed no significant stabilization and therefore were prone to van der 296 
Waals attraction which may have assisted sedimentation through the formation of aggregates that 297 
sediment faster due to the pull of gravity (Napper 1983,Autier, Azéma, & Boustingorry, 2014). 298 
This phenomenon may be responsible for the large increase in supernatant volume around 100 299 
minutes seen in Figure 4b.  It is believed that suspensions without PAA-PEO sediment more 300 
rapidly during rheometry tests (which were 5 – 10 minutes on average) than sedimentation tests 301 
due to stimulus by the hydrodynamic force of the shear 31.  302 
 303 
Figure 4: Sedimentation results for suspensions with PAA-PEO (a) and without PAA-PEO (b) 304 
for 0 (black), 10 (blue), 20 (red), 30 (purple), 40 (orange), and 50 (green) % free PEG by weight 305 
of PAA-PEO.   306 
Ultrasonic speckle velocimetry (USV) for insitu flow visualization  307 
The impact of adsorbed PAA-PEO on suspension lubrications was investigated with 0.42 water: 308 
MgO weight ratio model suspensions (for optimal ultrasonic speckle signal) with 20 and 50% 309 
free PEG based on the weight percent of PAA-PEO.  Figure 5 displays the average velocity 310 
profiles of the suspensions with adsorbed PAA-PEO during the steady-state portion of start-up 311 
test at 10 s-1 between 10 and 100 s.  The initial velocities between 0 - 10 s were disregarded due 312 
to the time needed for the TA ARG2 rheometer to reach the 10 s-1 shear rate.  These averaged 313 























































velocity profiles demonstrate the dominant flow behaviors in the suspension over the 10-100 s 314 
testing period, which include wall slip, plug flow, and shear banding.   315 
For both 0 and 20% PEG with PAA-PEO, shear banding – regions  of the sample that portray 316 
different shear rates than other regions of the sample 41 – is  evident by the kink in the velocity 317 
profiles (Figures 5a and 5b). Further, the 20% free PEG suspension may not have contained 318 
enough PEG to significantly deviate from the shear banding behavior of the 0% PEG suspension. 319 
A strikingly different flow pattern emerged in the 50% PEG suspension with a nearly constant 320 
velocity region next to the shear band at ~0.75 mm (Figure 5c).  This feature is an indication of 321 
plug flow, which is a near-zero shear rate of the material in the center of the gap while 322 
lubricating layers at the walls are sheared with a large velocity gradient 42.  Plug flow has been 323 
reported to exist in concrete pumping through pipes with mortar-based lubrication layers along 324 
the pipe walls 43–46.  The plug flow observed in the suspension with adsorbed PAA-PEO and 50 325 
% free PEG suggests that lubrication not only occurred from the PAA-PEO but was also 326 
increased by the presence of free PEG.   327 
 328 
Figure 5: USV particle velocity profiles for MgO suspensions with PAA-PEO for 0% (a), 20% 329 
(b), and 50% PEG by weight of PAA-PEO (c). r = 0 indicates the moving wall surface of the 330 
Taylor-Couette fixture and r = 2 mm indicates the stationary surface of the outer cylindrical cup 331 
of the fixture. The shear rate is 10 s-1 and the corresponding velocity of the rotating cylinder is 20 332 
mm/s. 333 
USV velocity profiles shown in Figure 6 of bare MgO (Figure 6a) and suspensions with 20 334 
(Figure 6b) and 50% PEG (Figure 6c) without PAA-PEO are mostly linear. In Figure 6a a small 335 
shear band is displayed close to the stationary cylinder but without plug flow.  Due to the rapid 336 
sedimentation of the suspensions without PAA-PEO, a sufficient lubrication layer may not have 337 
formed.  The slight shear banding observed in suspensions without PAA-PEO resulted in two 338 
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different shear rate zones in the gap, which may have separate contributions to lubrication that 339 
are not as significant as the plug flow seen in the suspension with 50% free PEG and adsorbed 340 
PAA-PEO.    341 
 342 
Figure 6: USV particle velocity profiles for MgO suspensions without PAA-PEO and 0% (a), 343 
20% (b), and 50% PEG by weight of PAA-PEO (c). Other parameters are those of Figure 5.   344 
In addition to non-linear velocity profiles, suspensions have been documented for their tendency 345 
to wall slip during rheometry experiments 41–43 in which the sample does not rotate at the angular 346 
velocity of the moving wall but rather moves at a slower velocity than prescribed by the applied 347 
shear rate 38,44–46.  The effective magnitude of wall slip at the moving wall is calculated here as 348 
the velocity of the moving wall (v0 = 20 mm/s at 10 s-1) minus the flow velocity measured along 349 
the moving wall (taken from the velocity profiles shown in Figures 5 and 6 at r~0) divided by v0 350 
and averaged over time.  The effective wall slip magnitude and the effective viscosities recorded 351 
by the rheometer for each USV suspension experiment during 10 – 100 s of the 10 s-1 start-up 352 
test are shown in Table 3.  Wall slip and viscosities measured from 0 -10 s were not analyzed due 353 
to the ARG2 rheometer requiring a few seconds to reach the desired shear rate for the 354 
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Table 3: Average Wall Slip and Viscosities of USV suspensions for 10-100 s 362 

























0.087 0.124 0.151 0.155 0.138 0.181 
 363 
The suspensions without free PEG but with PAA-PEO had strong wall slip at the moving wall 364 
(80%, see Table 3), which may have resulted from the steric-induced particle dispersion.  Wall 365 
slip was even greater for PAA-PEO with 50% free PEG (82.5%), in which potential lubrication 366 
layers formed at the wall may better facilitate plug flow (Figure 5c).  These two suspensions with 367 
high wall slip are hypothesized to have friction-reducing lubricating layers 22,47 that enables ease 368 
of flow along both the moving and stationary walls of the rheometer fixture.  Near-wall 369 
lubrication in the 50% PEG with PAA-PEO suspension may be a result of the depletion 370 
stabilization that reduces particle aggregation, which is consistent with the low-viscosity 371 
rheology data seen in Figure 1a.  Likewise, near-wall lubrication in the 20% PEG with PAA-372 
PEO (35% wall slip) suspension may be attributed to the depletion flocculation (increased 373 
viscosity, Figure 1a) resulting in particle clusters that increase friction instead of lubrication 48.  374 
However, the thickness of lubrication layers along the walls is not discernible with USV due to 375 
the ~50 µm spatial resolution of the technique.  Further, we note that although wall slip is 376 
reported here in terms of the velocity at the moving wall, the stationary wall of the 0 and 50% 377 
PEG suspensions also maintained significant levels of wall slip. 378 
Average viscosities of the suspensions with adsorbed PAA-PEO (0.138 – 0.181 Pa-s) do not 379 
reflect the trends observed in the viscosity curves of Figure 1 due to the long times of the USV 380 
start-up tests and the differences in their water to MgO ratios.  Furthermore, the wall slip distorts 381 
the apparent viscosity such that the measured values do not reflect the actual properties of the 382 
suspensions.  Absence of PAA-PEO in other suspensions enabled sedimentation (which resulted 383 
in the low measured viscosities ranging from 0.087-0.151 Pa-s) due to the lack of particle 384 
dispersion and therefore suspensions without PAA-PEO are less likely to have developed near-385 
wall lubrication layers. 386 
Lubrication forces may have assisted the suspension flow through the presence of free PEG 387 
reducing particle gliding friction.  Either mediated by depletion flocculation or brought about by 388 
hydrodynamic shearing forces, particle clusters may form without significant interaction with 389 
each other until the concentration of clusters reaches a percolation threshold and their collisions 390 
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result in shear thickening 31.  As a counteraction to the flow impedance of aggregates, lubrication 391 
typically stems from water ordering 49 around the PCE, which acts as a gliding plane for particles 392 
to slip past each other with reduced friction 2.  Free PEG chains may also have reduced the water 393 
surface tension and therefore created lubricating zones around particles or particle aggregates as 394 
well as in the vicinity of the wall of the rheometer fixture.  Lubrication layers near the fixture 395 
walls typically consist of a locally reduced particle concentration that maintains a faster shear 396 
rate than the material in the middle of the gap 43.  Additionally, near-wall lubrication has been 397 
reported to occur during cement pumping 43–46 and is believed to contribute to wall slip through 398 
the reduced friction between the sample and the rotating wall 22,50.  399 
Conclusions 400 
The rheological influence of free PEG among PAA-PEO comb-polymers that adsorbed onto the 401 
MgO particle surface was analyzed to determine the role of non-adsorbing PEG in manipulating 402 
the viscosity of model cementitious suspensions.  Rheometry tests delineated the role of free 403 
PEG as a concentration-dependent aggregation initiator or particle dispersant based on osmotic 404 
pressure driven depletion.  Free PEG potential processing behavior was deemed to be viscosity 405 
reducing for 40 and 50% free PEG but with 50% increasing the resistance to initial flow in creep 406 
measurements.  High concentrations of free chains may rearrange under applied pressure, unlike 407 
during viscosity curves under an imposed shear rate, which may restrict their ability to flow 408 
easily during pipe flow. Concentrations of 10 to 30% free PEG were believed to have depletion 409 
flocculation due to increased viscosities and the large peaks seen in start-up tests. Suspensions 410 
without PAA-PEO were found to sediment during testing.  Sedimentation test results also 411 
supported the conclusion that PAA-PEO is necessary for particle dispersion due to the 412 
similarities in the PAA-PEO stabilized suspensions sedimentation rates regardless of the free 413 
PEG concentration.   414 
The lubricating potential of free PEG on suspensions was monitored with USV rheometry to 415 
assess the impact of free PEG on wall slip and velocity profiles. The suspension with PAA-PEO 416 
and 50% free PEG demonstrated the most wall slip out of the suspensions tested and was the 417 
only suspension tested to demonstrate plug flow.  PAA-PEO suspensions without PEG displayed 418 
the second greatest magnitude of wall slip which may be induced by steric stabilization.  Wall 419 
slip and plug flow are believed to be indications of effective lubrication layers that helped the 420 
suspension flow along confined walls at reduced applied shear stresses.  PAA-PEO was reasoned 421 
to be essential for significant lubrication, as suspensions without PAA-PEO did not demonstrate 422 
as much wall slip or plug flow and sedimented rapidly. The beneficial lubrication of PAA-PEO 423 
and PEG at high free PEG concentrations may further improve cement pipe flow.  424 
Based on the transition from aggregation to stabilization for suspensions containing free PEG 425 
chains, it is suggested that the cement industry may benefit from exploring the addition of PEG 426 
as a supplement to adsorbed superplasticizers.  Addition of 30% free PEG may be a transition 427 
point, in which 40% free PEG can lead to reduced viscosities through dispersing particles and 428 
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20% free PEG may result in viscosity-increasing aggregation. Furthermore, the use of PAA-PEO 429 
with free PEG fosters the formation of lubrication layers which allow for greater ease of mixing 430 
and pumping seen in the increased wall slip.  Caution should be taken to assess the flow behavior 431 
of systems with free chains under applied shear stresses, as high concentrations of free chains 432 
may lead to resistance to flow.  Although the advantages of depletion-stabilizing free chains is 433 
desirable, it should be noted that free chains without adsorbed superplasticizer may cause 434 
significantly more sedimentation than the suspensions with adsorbed chains on account of 435 
supernatant viscosity differences.  436 
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